Flow diverter devices have gained wide acceptance for the treatment of unruptured intracranial aneurysms. Most studies are based on the treatment of large aneurysms harboring on the carotid syphon. However, during the last years the "off-label" use of these stents has widely grown up even if not supported by randomized studies. This review examines the relevant literature concerning "off-label" indications for flow diverter devices, such as for distal aneurysms, bifurcation aneurysms, small aneurysms, recurrent aneurysms, and direct carotid cavernous fistulas.
Flow diverter devices have gained wide acceptance for the treatment of unruptured intracranial aneurysms. Most studies are based on the treatment of large aneurysms harboring on the carotid syphon. However, during the last years the "off-label" use of these stents has widely grown up even if not supported by randomized studies. This review examines the relevant literature concerning "off-label" indications for flow diverter devices, such as for distal aneurysms, bifurcation aneurysms, small aneurysms, recurrent aneurysms, and direct carotid cavernous fistulas. www.neurosurgery-online.com F low diverter devices (FDD) have gained wide acceptance for the treatment of unruptured intracranial aneurysms. Actually, most of the evidence is based on Pipeline Embolization Device (PED) (Medtronic) and its evolution Pipeline flex, which used to be FDA-approved only for wideneck internal carotid artery (ICA) aneurysms, whereas only recently indication was extended to small aneurysms as well. The PUFS trial showed high efficacy and safety of PED for the treatment of complex ICA aneurysms (complete occlusion rate 86.8% at one year; major ipsilateral stroke or neurologic death in 5.6% of patients). 1 The 5-yr follow-up reported complete occlusion in 95.2% of the cases. 2 Other FDD have European approval for use in distal anatomy. In the clinical practice, use of FDD has been extended to other kind of aneurysms and, albeit there are neither ABBREVIATIONS: AComA, anterior communicating artery; CS, cavernous sinus; FDD, flow diverter device; FRED, Flow Direction Endoluminal Device; ICA, internal carotid artery; MCA, middle cerebral artery; PComA, posterior communicating artery; PCA, posterior cerebral artery; PED, Pipeline Embolization Device; SAH, subarachnoid hemorrhage prospective trials nor strong evidences, initial results appear to be encouraging. Our aim is to review the expanding indications for FDDs, focusing on treatment results and pitfalls. Patient consent was not required, as no identifiable individual patient characteristics were reported. version, which is coated with a hydrophilic polymer. The coating should reduce platelet adhesion. 3 The device has been approved for implantation under single antiplatelet therapy in Europe, although no postmarket data have been published.
Very recently, the Silk Baby Vista (Balt Extrusion, Montmorency, France) has been launched in Europe; this is the only FDD delivered through a 0.017-inch microcatheter. The device appears safe in distal aneurysms, 4 but follow-up data are missing.
During PED deployment, extreme attention has to be paid not to perforate small, distal branches with the inner wire as it is pushed forward while unsheathing the stent. FRED Jr delivery wire is shorter and it remains inside the stent during its deployment, thus minimizing the risk of perforation; however, the drawback of this system probably is the inferior stability. Interestingly, the P48 inner wire can be moved independently from the implant, potentially improving safety and stability during deployment.
Overall, small vessel diameter, distal navigation, and coverage of bifurcation branches and perforator may pose challenges, increasing the risk of complications. Studies on flow diversion in distal aneurysms are difficult to compare because the definition of "distal" is not unique, and the type and location of included cases may be heterogeneous.
Investigating the literature, the rate of adequate occlusion and treatment-related complications ranges from 60% to 90% and 4% to 17%, respectively. [5] [6] [7] [8] [9] In a series of 28 anterior circulation distal aneurysms treated by PED, complete/near complete occlusion occurred in 92.6% of the patients at 6 months, with a 10.7% ischemic complication rate. In this series, most of the aneurysms were located on the middle cerebral artery (MCA), but many cases were fusiform or dissecting. 5 In a recent multicentric cohort of 65 aneurysms located at or beyond A2, M2, and P2 segments treated with PED, authors reported complications in 7.7% of patients. The occlusion rate was 83% (mean follow-up time: 6 mo). 6 In two series of distal vessel aneurysms treated with the FRED Jr or the PED complete/near complete, occlusion rate was 78%. The rate of ischemic events varied from 7% to 17.4%. 7, 8 In the Ravindran series, the complete occlusion rate varied between anterior and posterior circulation (58.8% vs 91.7%). 8 A meta-analysis of 26 studies with 572 distal aneurysms, with very wide inclusion criteria, reported procedural morbidity and mortality 9% and 4%, respectively. Interestingly, the complete occlusion rate was higher in fusiform and dissecting aneurysms then in saccular aneurysms (73% vs 55%). 9 Many distal aneurysms harbor on vessels smaller than 2.5 mm, which is the smallest available PED diameter. The FRED Jr is indicated for vessels from 2 mm and the P48 from 1.75 mm. Nevertheless, FDD placement in very small vessels (<2 mm) is possible in adequately selected and prepared patients, although special care must be taken ( Figure 1 ). There is actually no uniformity in reporting ischemic complications in small vessels. Puri et al 10 reported a small series of patients treated with PED with no complications. However, in the Ravindran et al. 8 series, in which most of vessels were <2 mm and some were <1.5 mm, immediate thrombosis after FDD placement occurred in 10.9% of cases, but it was resolved by anti-GP IIb/IIIa administration. Late in-stent stenosis is another concern of FDD in distal vessels, and it has been reported in up to 27% of cases, although it is usually asymptomatic and may improve at follow-up. [8] [9] [10] [11] Probably, stenosis occurs progressively because of neointimal hyperplasia or inflammation. 12 It is important to point out that many studies about flow diversion for distal aneurysms focused on lesions along the MCA, which is relatively larger than very distal arteries. [5] [6] [7] [9] [10] [11] [12] [13] Few studies focused on the FDD in very distal locations and small vessels. In a literature review of 38 posterior cerebral artery (PCA) aneurysms, including very distal P2-P3, complete occlusion was observed in 88% of patients, but complication rate was 26%; interestingly, in fusiform aneurysms, usually originating from the distal PCA, occlusion occurred in all cases but the complication rate was 43%. 14 In a series of 17 complex pericallosal aneurysms, all treated with 0.027-inch system FDD, the complete and near complete occlusion rate was 81%, but permanent morbidity was 13%: accordingly, authors concluded that in pericallosal artery FDD is a feasible option ( Figure 2 ), but it should be reserved for aneurysms not manageable with simple coiling. 15 
BIFURCATION ANEURYSMS

Safety and Outcome of FDD in Bifurcation Aneurysms
Endovascular treatment of wide-necked bifurcation aneurysms by assisted or unassisted coiling can be challenging, whereas FDD placement in bifurcation may be technically easier. Therefore, interest around FDD in bifurcation aneurysms is growing.
However, flow diversion raises its safety and efficacy concerns. The jailed bifurcation branch and perforators are at risk for periprocedural or late thromboembolic events, because the pressure gradient across the vessels is reduced and flow impairment can lead to platelet aggregation and thrombosis, especially if a very high metal coverage is achieved.
It is difficult to establish the occlusion and thromboembolic events rate after flow diversion in bifurcations, as most series are retrospective and very heterogeneous. Considering series with mixed caseload, reported acute or subacute thromboembolic events rate varies from 3.7% to 24%, and mostly transient or asymptomatic. 11, [16] [17] [18] [19] In the series by Michelozzi et al, 19 periprocedural thromboembolic complications occurred in 13.8% of patients; however, the occlusion rate was high and improved with time (82.1% at 3-6 mo, rising to 91.7% at late follow-up). In a series of 46 distal aneurysms, the occlusion rate was 78.2% with no differences between saccular and fusiform aneurysms; thromboembolic events occurred in 17.4% of patients, and they were more common in saccular aneurysms. 8 Hemorrhagic events are less common and are usually intraprocedural. 8, [16] [17] [18] [19] Perforators are usually kept patent by a "sump" effect; however, acute or late symptomatic or asymptomatic perforator stroke is reported. 6, [17] [18] [19] In the Saleme et al 18 13 which includes 12 studies evaluating 244 aneurysms. Complete/near complete occlusion occurred in 78.7% of patients and was more common at the prebifurcation point, compared with bifurcation or more distal aneurysms (88% vs 77%). No difference was found comparing PED and other FDD. Complications occurred in 20.7% of patients (10.3% with permanent deficits), and in most of cases, they were thromboembolic (16.3%); the mortality rate was 2%. Interestingly, only one case of late rupture after treatment was reported. 13 Overall, these data suggest that flow diversion for MCA bifurcation aneurysms is feasible and provides good protection from subarachnoid hemorrhage (SAH). However, occlusion may take long time (Figure 3) , and complication rate is relatively high, so this approach should be proposed only when other endovascular or surgical approaches are considered very challenging or unfeasible.
Results of FDD in anterior communicating artery (AComA) aneurysms appear more promising, with acceptable complication rate and high occlusion rate. 16, 17, 23 A meta-analysis, including 148 aneurysms and 14 studies, revealed 87.4% complete/near complete occlusion rate, with a morbidity and mortality rate of 3.5% and 2.5%, respectively. 24 Coverage of A2 segment (or main branching vessels such as the artery of Heubner) may lead to ischemic complications; however, it is difficult to accurately quantify this risk. 24 Carotid terminus is an uncommon location for FDD, because occlusion rate and the fate of the covered branch are unclear. In a recent series of 10 aneurysms, the complete/near complete occlusion rate was 50%; however, some aneurysms were fusiform and untreatable with other techniques. Two complications occurred. 25 Very few data exist about FDD in basilar tip aneurysms. However, as this location is less accessible for clipping, FDD can be an option for complex or recurrent aneurysms, although ischemic and hemorrhagic complications are a concern. 26 In a multicentric series of 16 complex basilar tip aneurysms, 
black arrow), and a small AComA aneurysm (dotted arrow) A (obliquefrontal view). The large aneurysm was supposed to be the ruptured one, so it was coiled with deliberate sparing of the base (white arrow) to avoid branches occlusion B (frontal view) and C (oblique view showing the remnant). Flow diversion after 1 mo was planned. The lateral view before the second intervention shows the configuration and size of the MCA candelabra vessels D. A single PED (white arrows) was deployed covering both MCA aneurysms E (unsubtracted frontal view). At 6-mo angiographic follow-up, both MCA aneurysms were occluded, but covered jailed branches were extremely narrowed F (left oblique view) and G (right oblique view). Lateral view of the 6-mo follow-up shows the diffuse narrowing of MCA branches H. Comparison of H with the preflow diversion lateral view D allows recognizing the significant vessels remodeling and the improvement of collateral circulation from ACA pial branches. The patient remained asymptomatic during follow-up.
complete/near complete occlusion was achieved in 68.8% of cases, with higher rates in case of adjunctive coiling. One thromboembolic event and one delayed SAH occurred. 27 Occlusion of jailed PCA was reported in 23.5% of patients but it was always asymptomatic because of the presence of adequate collateral circulation through the posterior communicating artery (PComA). 28
The Fate of the Jailed Branches
The fate of jailed branches is a major concern in flow diversion of bifurcation aneurysms. It appears that jailed branches patency is maintained by direct flow if collateral circulation is not adequate to provide enough compensation (Figure 3) . Otherwise, if the direct or pial collateral compensation is well represented, the jailed branch will be progressively occluded ( Figure 4 ) or narrowed ( Figure 2 ), usually without clinical consequences. 18, 19, 22, 29, 30 This observation has been confirmed by experimental models showing that patency or occlusion of the jailed bifurcation branches may be predicted on the basis of collateral circulation. 31 In addition, the effect of flow diversion also depends on the local stent porosity that is influenced by the stent sizing: undersized stents are associated with a shorter deployment, more condensed pores, and higher mesh density, resulting in increased risks of side branch occlusion. 32 Interestingly, the fate of the bifurcation branches coming from the aneurysms may also influence the aneurysm occlusion, as the jailed vessel may maintain the flow towards the aneurysm. Accordingly, in some series, aneurysms treated with FDD are less likely to be totally occluded if the jailed branch remains patent or if they have a vessel coming from the dome. 33, 34 Flow diversion of PComA aneurysms with normal P1 segment is usually effective and is often associated to PComA occlusion. 35 However, PED treatment of aneurysms incorporating the origin of a fetal PCA was largely ineffective, probably because the fetal PCA has low compensation capabilities and the residual pressure gradient might prevent the aneurysm from occluding. 36, 37 Actually, flow diversion of aneurysms incorporating a fetal PCA should only be considered when conventional treatments are unfeasible. 37
SMALL ANEURYSMS
Recently, PED Flex received FDA approval extension for small and medium wide-necked aneurysms from the petrous segment to the tip of the ICA, based on the PREMIER trial (NCT02186561). In this trial, 141 small ICA or vertebral artery aneurysms (5.0 ± 1.92 mm) were treated. The 1-yr complete occlusion rate was 76.7% with 2.2% occurrence of major stroke or death. The retreatment rate was 2.9% and no recurrences occurred (PREMIER Clinical Study Report Medtronic FD3563 Rev B. 12-SEP-2018, unpublished data). 38 However, off-label use of PED for smaller aneurysm is already common, especially in Europe. Several papers, mostly including ICA aneurysms, have reported favorable results of small aneurysms treatment with PED, 10, 20, [39] [40] [41] [42] [43] FRED, 44, 45 or Silk. 46, 47 In a large retrospective study including both small and large aneurysms, the ischemic complication rate was lower in small aneurysms. 42 A recent meta-analysis (783 cases from 10 studies) reported the safety and efficacy of small aneurysms treatment with FDD. Aneurysm occlusion rate at last follow-up was 84.3%, mortality and morbidity were 0.87% and 5.2%, respectively. 48 In a previous meta-analysis, the 6-m occlusion rate of small (<10 mm) and large aneurysms was 80% and 74%, respectively; moreover, the SAH and ischemia rates were significantly lower in small aneurysms. 49 Griessenauer et al 43 reported a series of 149 small aneurysms (≤7 mm), mostly paraophthalmic, with symptomatic complications and mortality in 6% and 0.9% of cases, respectively. The complete/near complete occlusion rate was 84.8% at 6 mo and 92.2% at 12 mo. 43 FDD have also been used in small complex ruptured aneurysm not treatable with other techniques, especially blood blister like aneurysms. Very small carotid 50 and basilar perforator 51 aneurysms have been successfully treated with FDD. In a metaanalysis of ruptured aneurysms treated with FDD, most of aneurysms were blister or dissecting and the median size was 4 mm. The complication rate was 17.8% (27% posterior circulation; 11.7% anterior circulation), which can be acceptable for complex aneurysms not manageable with other techniques. Longterm complete/near complete occlusion rate was 88.9% and rebleeding rate was 4%. 52
PREVIOUSLY TREATED ANEURYSMS Flow Diversion for Remnant or Recurrence after Endovascular Treatment
Some papers have specifically analyzed safety and efficacy of FDD for remnant or recurrence after endovascular treatment. [53] [54] [55] [56] [57] [58] [59] [60] Because rupture risk in aneurysm recurrence is generally considered low, 61 retreatments with FDD should be associated with a reasonable periprocedural and postprocedural risk ( Figure 5 ).
In some studies, patients with FDD deployed for both untreated and recurrent aneurysms were compared. In the PUFS trial only 6 retreated aneurysms were included and no differences were found. 1, 2 In two large prospective series of aneurysms treated with PED, no significant differences were observed between recurrent aneurysms and primarily treated aneurysms. 62, 63 These results are similar to those reported in retrospective series. 42, [64] [65] [66] Only in a series from of O'Kelly et al 67 multivariate analysis suggested previous aneurysm treatment as predictor of persistent aneurysm after flow diversion.
The topic of recurrent aneurysms after coiling was specifically evaluated in some retrospective series. Overall, the complete occlusion rate ranged from 60.7% to 100%, and the cumulative complete/near complete rate ranged from 82.1% to 100%, confirming the efficacy of FDD in previously coiled aneurysms. [54] [55] [56] [57] As well as for primary flow diversion, time is probably a factor influencing the occlusion of retreated aneurysms. Retreatment of aneurysms treated by simple coiling appears safe, with permanent morbidity ranging from 0 to 6.9%. [54] [55] [56] [57] The higher complication rate in the Benaissa et al 56 series might be related to the relatively high number of aneurysms not harboring on the ICA and the complexity of cases.
Positive results of FDD on recurrent coiled aneurysms suggest that ruptured complex aneurysms might be deliberately treated in 2 times: immediate subtotal coiling (with or without balloon assistance) and planned flow diversion after the acute phase (Figure 4) . This strategy is supported by the good results of a series of 22 wide-necked aneurysms. 68 If a fetal PCA originates from the aneurysm, the efficacy of this strategy might be lower. 37 Remnant or recurrent aneurysms after stent assisted coiling may be treated by FDD, but the presence of the stent seems to negatively affect the results. [58] [59] [60] 66 In the Fischer series, adverse events occurred in 13% of patients in whom a stent was already present and in 2% of patients without a previous stent. 66 Overall FDD treatment results for recurrence of previously stented aneurysms are not encouraging, with occlusion rate ranging from 38% to 65% and morbidity ranging from 0 to 14.3%. [58] [59] [60] 66 The presence of a stent raises technical challenges, as both stent catheterization and FDD deployment may be impaired. Inadvertent FDD opening across the struts of the previous stent will result in incomplete opening and possible severe complications. 60 Moreover, the stent reduces FDD apposition to the vessel wall, impairing the flow diversion effect. In extreme cases, malapposition may result in an "endoleak." To avoid this problem, the FDD should cover the previous stent both proximally and distally. 60
Flow Diversion for Recurrence of Previously Clipped Aneurysms
Reoperation of previously clipped aneurysms may be challenging with high morbidity and mortality. 69 There are some limited series showing that flow diversion is a reasonable option for recurrent previously clipped aneurysms. [70] [71] [72] [73] [74] [75] Complete occlusion rate varies from 50% to 100% in series, mainly including aneurysms located along the ICA. [70] [71] [72] Interestingly, in a series of 9 patients with recurrent, previously clipped, AComA aneurysms, complete occlusion was achieved in 83% of cases without periprocedural complications. 75 Actually, studies on larger population would be necessary to validate these promising results.
CAROTID CAVERNOUS FISTULAS
FDD are an uncommon option for direct carotid cavernous fistulas (CCFs). Conventional treatment of CCFs include transarterial or transvenous embolization with detachable balloons, coils, combination of coils, and liquid embolic agents. [76] [77] [78] Parent vessel sacrifice is also a valid option, after successful balloon occlusion test. Coronary stent-grafts have been proposed as a reconstructive technique for direct CCFs. 79 Nevertheless, stentgrafts flexibility is poor and their positioning may be challenging or result in endoleak. Recently, a balloon-expandable stent-graft specifically designed for intracranial vessels has been used in 10 CCFs, with immediate occlusion in 6 cases and occlusion after adjunctive maneuvers in 3 cases. 80 Use of FDD for CCFs should be considered off-label with the sole exception in Europe of P64 (Phenox GmbH, Bochum, Germany), which is approved for arteriovenous fistulas. 81 Contrarily to covered stents, FDD are very flexible and adapt very well to vascular tortuosity. Flow NEUROSURGERY VOLUME 86 | NUMBER 1 | JANUARY 2020 Supplement | S91 diversion for CCFs seems effective. This approach usually requires multiple devices, because the pressure gradient of the shunt provides an aspiration effect, and occlusion often requires some months to complete. [81] [82] [83] [84] [85] In the largest series of 14 patients by Wendl et al 81 complete occlusion was achieved in 21% of patients, but significant flow reduction occurred in all the remaining cases. Treatment was safe, and 71% of patients were free from ocular symptoms at followup. Multiple FDD were usually required and only 36% of patients were successfully treated with FDD alone, as the majority needed combined treatment with coiling. 81 The strategy proposed in a paper by Ogilvy et al 82 is endovascular coil or balloon occlusion of the fistula from either a transvenous or transarterial approach, followed by flow diversion, in order to facilitate endothelization of the damaged ICA wall. The main drawback of CCFs treatment with FDD is the time required for fistula occlusion, which might prevent symptoms improvement in severe cases. Moreover, FDDs are expensive and require dual antiplatelet therapy. However, this approach appears safe and does not entails the risk of cranial nerve injury.
Unlike direct CCFs, dural indirect CCFs involve multiple small arterial connections. The therapeutic goal in these cases is to occlude the fistula and the cavernous sinus. A single successful case of a small Barrow B dural CCF has been reported. 86 FDD might find very limited application in indirect CCFs without any vascular access to the CS, but actually there is no evidence to support this indication.
CONCLUSION
There is a growing interest regarding FDD for "off-label" indications, especially for distal and bifurcation aneurysms. Although there are no randomized studies supporting these indications, it appears reasonable that FDD may be a safe and effective alternative for selected complex aneurysms, when other techniques are judged unfeasible or too harmful. Some indications, such as small or recurrent aneurysms of the ICA, may already be considered as established indications in the clinical practice. Further studies will be necessary to better define the indication range of FDD.
Disclosures
Outside of publication in this supplement, the authors have no personal, financial, or institutional interest in any of the drugs, materials, or devices described in this article.
